Abstract: Simultaneous wireless information and power transfer is a practicable solution to encourage energy-constrained relay nodes to cooperate with the source to transmit information to the destination. In this paper, we study the outage performance of hybrid protocol based amplify-and-forward (AF) relay networks over asymmetric fading channels, where the source-relay link and the relay-destination link are subjected to Rician fading and Rayleigh fading, respectively. In particular, we derive the lower bound of outage probability and the upper bound of outage capacity based on a high signal-to-noise ratio approximation, respectively. We further investigate the effects of various system parameters, such as the parameters of hybrid protocol, the target rate, and the Rician K-factor, on the investigated network. It is shown that a good selection of parameters of hybrid protocol is of significance to improve system capacity, and that a larger Rician factor is desirable in the investigated network.
Introduction
Internet of things (IoT) allows massive wireless devices, e.g., low power wireless sensor nodes, to access wireless networks and communicate with each other via a parallel access channel or multiple-access channel [1] [2] [3] [4] . Typically for a wireless sensors network, wireless sensor nodes usually send their data to the cluster head (CH) and then the CH uploads the collected data to the sink node [5, 6] . To this end, there are many issues that need to be well addressed such as the decision fusion design fusion center (e.g., CH), resource management, the reliability-guaranteed power supply for wireless IoT devices, and so on [1] [2] [3] [4] [5] [6] [7] . Among them, the reliability-guaranteed power supply for wireless IoT devices attracted much attention recently, and simultaneous wireless information and power transfer (SWIPT) [8] has been proposed and devoted to the solution of this issue. On the other hand, wireless relaying technology has been recognized as an important technology in IoT networks [1] since it is highly beneficial in the communication range, the energy efficiency and the system capacity. For example, in a wireless sensor network, the CH node may send data to the sink node and the link between the cluster and the node may suffer severe fading. In this case, a relay is needed to assist their transmission and enhance its performance. However, the wireless IoT devices are usually energy-constrained and unwilling to serve as a relay in practice, due to the extra energy consumption for relaying operations. Therefore, SWIPT can be integrated to the relay network in order to achieve a tradeoff between power supply and information processing from different perspectives, e.g., energy efficiency [9] and outage performance [8, 10] .
Until now, there have many reports [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] regarding amplify-and-forward (AF)/decode-and-forward (DF) relay networks with SWIPT. The authors of [10] proposed two energy harvesting (EH) relaying protocols, i.e., time switching (TS) and power splitting (PS), and investigated the corresponding outage performance of an AF relay network. The outage performance behavior of an AF relay network in the presence of a direct link between the source and the destination was also analyzed in [12] . Exploiting a heterogeneous time allocation protocol, the authors in [13] studied the outage performance and ergodic performance of PS based DF relay networks. Different from the prior works, the authors in [14] derived the closed-form expression of outage capacity for TS based multi-relay AF networks, where the source-relay and relay-destination links are modelled as Rayleigh fading and Gaussian fading, respectively. Later, the outage performance analyses of PS/TS based AF/DF relay networks over different fading channels, e.g., log-normal and Nakagami-m, were also presented [15] [16] [17] [18] . Other works on the integration of the SWIPT based relay networks and other advanced technologies, such as the non-orthogonal multiple access and the cognitive radio, can also be found in [19, 20] . These works mentioned above have laid a solid foundation for the understanding of PS/TS protocol in relay networks, and have also revealed their advantages and disadvantages. For example, the PS protocol achieves a higher capacity than the TS protocol at high input signal-to-noise ratio (SNR), while TS is more desirable in terms of both achievable capacity and hardware complexity at relative low SNR or high target rate [8, 10, 13] .
To explore the advantages of both PS and TS protocols, the authors of [21] introduced a novel hybrid protocol, which takes both PS and TS into considerations. Compared with PS and TS, the hybrid protocol is more general and achieves a higher capacity. Therefore, it is meaningful to study the hybrid protocol carefully and some contributions [21] [22] [23] have been reported regarding the application of the hybrid protocol in the AF relay network. In [21] , the optimal hybrid protocol was developed to maximize the system capacity by optimizing the parameters of hybrid protocol, i.e., TS ratio and PS ratio, based on the instantaneous channel state information, subject to the 'harvest-use' scheme. A similar work [22] was further discussed based on the 'harvest-store-use'scheme instead of 'harvest-use' scheme. By means of stochastic theory, the authors of [23] derived the expression of outage capacity for hybrid protocol based AF relay networks. The derived results provide valuable insights into the impact of important system parameters especially for the PS ratio and TS ratio. These works [21] [22] [23] were based on the Rayleigh fading channel, which may be an inappropriate model for the source-relay link. The reasons are as follows. In the IoT networks, the IoT device (referring to the source) requires an immediate EH relay to assist its transmission if the direct link between the source and the destination is blocked due to the shielding effect caused by obstacles. Further, owing to the relatively short wireless power transfer distance [8, 24, 25] , it is reasonable to assume that the EH relay is close to the source and far from the destination. In this case, the source has a good channel to the relay, inferring that there possibly exist both the line-of-sight (LOS) path and the scattered multipath for the source-relay link, while the channel of relay to destination may be poor. As pointed out in [26] , the Rician fading is one of optimal candidates to model the wireless channel above since the Rician fading includes line-of-sight (LOS) path and the scattered multipath. Moreover, the Rayleigh fading is a special case of Rician fading. This is to say, the Rician fading can be reduced to the Rayleigh fading by adjusting its parameters. Accordingly, it is reasonable to consider the asymmetric fading channels, where the source-relay and relay-destination links experience Rician fading and Rayleigh fading, respectively.
To the best of our knowledge, the outage performance (note that the outage probability and outage capacity are critical performance metrics in SWIPT based relay networks, and hence there exist many works [10] [11] [12] [13] [14] [15] 23] on the outage performance anlaysis) of hybrid protocol over asymmetric fading channels has not been studied and this motivates this work. Note that the performance analysis over asymmetric fading channels is much challenging than the symmetric fading channels since the Rician fading is more complexity than the Rayleigh fading and the Rayleigh fading is a special case of Rician fading.
The main contributions are as follows.
• Different from the existing works [21] [22] [23] with a focus on the outage performance of a hybrid protocol over symmetric fading channels, we consider a more practical asymmetric fading channels, where the source-relay and relay-destination links experience Rician fading and Rayleigh fading, respectively. In particular, we derive the expressions for the bound of outage probability and outage capacity based on the high SNR approximation and the Gaussian-Chebyshev quadrature.
• Numerical results are presented to verify the derived expression, and study the impacts of various network parameters on the outage capacity of hybrid protocol based relay networks. This provides some insights in selecting the parameters of hybrid protocol, i.e., TS and PS ratios, under different relay network settings. It can also be revealed that the parameters of hybrid protocol have a significant impact on the outage capacity, and that a larger Rician factor achieves a higher outage capacity. Besides, we compare the outage capacity achieved by the hybrid protocol, PS protocol and TS protocol. It is shown that the hybrid protocol can be reduced to the PS or TS mode at some system settings so as to reduce the cost of complexity while maintaining the required outage capacity.
The rest of this paper organizes as follows. In Section 2, we introduce the system model and working flow. The outage probability and outage capacity are derived in Section 3, and numerical simulations are presented to verify the derived results and find the insights on the choosing parameters of hybrid protocol in Section 4. Finally, the conclusion of this paper is given in Section 5. Besides, all the used notations in this paper have been summarized in Table 1 . 
Notations
Meaning
The zeroth order modified Bessel function of the first kind Prob (·)
Probability of a random event min (·, ·)
The minimal function Q(·, ·)
The first-order Marcum Q function C Euler
Euler's constant and its value is 0.5772156649
The exponential integral function Γ(·, ·)
Incomplete gamma function
System Model and Working Flow

System Model
This paper investigates an AF relay network [10] , in which an energy-constrained EH relay (R) is employed to assist the communications between the source node (S) and the destination node (D) under the guidance of a hybrid protocol [21, 23] , as shown in Figure 1 (note that this relay model has been widely used in many state-of-art works [21, 23] , and that our work can be extended to more complex scenario with multiple sources or multiple relays. For the case with multiple relays, we can select a best relay to maximize the end-to-end SNR via relay selection schemes. If a single relay is selected, the scenario with multiple relays is reduced to our considered scenario. For the case with multiple sources, according to [7] , all the sources can operate under orthogonal frequency multiple access scheme so that transmission interference is avoided. However, the performance analysis of this scenario will bring new challenge, which is beyond of the scope of this paper).The parameters α and β are the PS and TS ratios, and the detailed information on the hybrid protocol can be found in Section II of [21] . We assume that only both the source and the destination have enough power supply, and that the 'harvest-use' scheme is employed to encourage the relay to complete the cooperate function. Also, all nodes operate in a half-duplex mode. Note that the application of full-duplex mode [9] in the relay node can be used to improve the performance, which is an interesting problem and can be studied in our future work. All channels are assumed to be independent and modeled as quasi-static block-fading. Recognizing the existence of a strong LOS path of source-relay link, we assume that the source-relay link and the relay-destination link follow Rician fading and Rayleigh fading, respectively. 
Analytical Model
Source-Relay Transmission
The received signal at the relay node can be given as
where P s is the transmitted power from the source; s(t) is the normalized information signal from the source; d −m SR |h SR | 2 is the adopted path-loss model including the large-scale path loss and small-scale fading; m and d SR is the path loss exponent and the distance of source-relay link, respectively. n The total harvested energy, E R at the relay is
where 0 < η < 1 is the energy conversion efficiency. After the down conversion, the sampled baseband signal can be written as
where k is the symbol index, s(k) is the sampled information signal from the source, n The relay amplifies and transmits the received signal x R is given by
where
is the transmitted power from the relay.
Relay-Destination Transmission
The sampled received signal at the destination, y D (k), can be expressed as
where n [D] (k) is AWGN at the destination node with mean zero and variance σ 2 n [D] . Based on the analyses above, the end-to-end SNR of the investigated network with hybrid protocol can be written as
where N 0 denotes the mean power of the overall AWGN at relay and destination [10] , i.e., σ 2
RD . Since h SR and h RD follow Rician fading and Rayleigh fading, respectively, the probability density functions of g 1 and g 2 are [26, 27] 
where K denotes the Rician factor; λ 1 and λ 2 are the mean for g 1 and g 2 , respectively; I 0 (·) is the zeroth order modified Bessel function of the first kind.
Outage Performance
This section is devoted to analyzing the outage performance of the investigated network with hybrid protocol. In particular, we first derive an analytical expression for the lower bound outage probability. Based on the derived expression, the expression for upper bound of outage capacity is presented.
If the end-to-end information rate drops below a predetermined threshold, the outage event happens. On this basis, we definite the outage probability as P out = Prob (γ < τ), where τ = 2 R − 1 with the target rate R [10] . By means of scaling principle, we have γ <η
. Based on Equation (9), the outage probability can be further written as
After obtaining the P LB out , the upper bound of outage capacity is calculated as
Based on Equations (10) and (11), it can be found that the main challenge is to find the closed-form expression for P LB out , which will be addressed below. According to the total probability formula, P LB out can be expressed as P LB out = M 1 + M 2 , where
Derivation of M 1 . By using the concept of change of variables such as x = √ x, and the Equation (10) of reference [28] , the first term, M 1 , is
where Q(·, ·) denotes the first-order Marcum Q function [28] .
With the help of integrating by parts for Equation (12) and the equality that Q (a, ∞) = 0 [28] , Ξ can be rewritten as
where the last approximation is valid at high SNR region since Q (a, b) ≈ 1 − 0.5b 2 e (−a 2 2) holds when
Using the equality that [28] and the definition thatτ = τ c 0 ,
the first term of Ξ, ∆, is
It is difficult to derive a closed-form expression for ∆ due to the involved zeroth order modified Bessel function of the first kind and complex exponential function. Therefore, we try to find an approximation instead of the closed-form expression at high SNR region in the following. Again, by using the concept of change of variables and the Maclaurin series of exponential function, Equation (14) can be rewritten as
Based on (Equation (9), [28] ), the first term in (15) can be calculated as
Based on the equality that
[29], we have
Using
, we have
By means of Γ(0,
where the Γ(·, ·) means upper incomplete gamma function, and Euler's constant C Euler = 0.5772156649.
Note that the approximation is valid at high SNR region since
Since J 2,k (τ) is mathematically intractable, we use Gaussian-Chebyshev quadrature (Gaussian-Chebyshev quadrature is an effective approach to approximate the integral of the given function over a bounded interval, which has been widely used in the filed of performance analysis (see [13, 19] for example)) to find an approximation as
π , and N is a parameter determining the tradeoff between complexity and accuracy. Submitting Equations (19)−(21) into Equation (17), J 1 can be obtained. Through some mathematical manipulations, the third term of Equation (15) can be rewritten as
where the first equality holds from
2 [29] ; the second equality is derived
, and Γ (−n, x) = (−1) [30] . Note that E 1 (x) = −Ei (−x) and the value of Ei (x) can be calculated by the 'expint' function in MATLAB. Accordingly, by summarizing the above results, M 1 can be attained. Derivation of M 2 . Similar as above, using the concept of change of variables and the Equation (10) of reference [28] , we can write M 2 as
where the last approximation holds at high SNR region due to Q (a,
Simulation Results
Here, numerical simulations are provided to verify our derived results and investigate the efforts of the different system parameters. Unless otherwise stated, the simulation parameters follow [10, 23, 24] , i.e., [10] . Figure 2 plots the outage capacity with respect to β (or α) for a given α (or β) for the hybrid protocol. The theoretical results are obtained from Equation (11) . One can see that the concurrence between the simulated results and the theoretical results verify the theoretical analyses on the outage probability and the outage capacity. One can also see that different parameters of hybrid protocol achieve different outage capacity. This implies that a good selection of parameters of hybrid protocol has a significant impact on the outage capacity, and that the near-optimal parameters of hybrid protocol can be obtained through maximizing Equation (11) . Figure 3 compares the outage capacity of the optimal hybrid protocol, the optimal PS protocol, and the optimal TS protocol under different R. The parameters of the optimal PS protocol, the optimal TS protocol, and the optimal HR protocol are obtained by maximizing the outage capacity and its optimal parameters are plotted at the lower part of Figure 3 . One observation is that the outage capacity increases to the peak value first then decreases for each protocol. Another observation is that the hybrid protocol always achieves a higher capacity than both PS protocol and TS protocol. In particular, there is only a marginal difference between the hybrid protocol and PS protocol in terms of outage capacity when 1 ≤ R ≤ 3, and the TS protocol can be regarded as a near-optimal hybrid protocol when R ≥ 5. This observation reveals that the hybrid protocol can be reduced to PS protocol or TS protocol at some certain system parameters. This revelation is highly beneficial to reduce the complexity of hybrid protocol while maintaining the required outage performance. Finally, we investigate the impacts of energy conversion efficiency and Rician K-factor on the investigated network with optimal hybrid protocol in Figure 4 . It can be seen that a low energy conversion efficiency leads to a low outage capacity. This is because both larger TS ratio and PS ratio are required to harvest enough energy at a low η, resulting in a low capacity. Besides, it can be drawn that a larger value of K achieves a higher outage capacity. The optimal parameters of the hybrid protocol 
Conclusions
In this paper, the outage performance of an hybrid protocol for AF relaying over asymmetric fading channels has been studied. In particular, the expressions of the outage probability and outage capacity have been derived and verified. The effects of the parameters of the hybrid protocol on the outage capacity have been investigated. The significance of our work is two-fold. First, our work provides theoretical analyses and simulation results to characterize the outage performance of the hybrid protocol based AF EH relaying over asymmetric fading channels. These contributions not only reveal the importance of the parameters selection for hybrid protocol, but also provide a solution to obtain the optimal parameters of the hybrid protocol in the investigated networks. Second, we show that a larger Rician factor and energy conversion efficiency are desirable for the investigated network.
Finally, we point out two possible future works. First, it is interesting to study the performance analysis of hybrid protocol based multiple relay network over asymmetric fading channels. Second, the linear energy harvesting model considered in this paper can be extended to the non-linear model, making our considered network close to practical scenarios.
